Abstract. Although Alzheimer's disease (AD) is the world's leading cause of dementia and the population of patients with AD continues to grow, no new therapies have been approved in more than a decade. Many clinical trials of single-agent therapies have failed to affect disease progression or symptoms compared with placebo. The complex pathophysiology of AD may necessitate combination treatments rather than monotherapy. The goal of this narrative literature review is to describe types of combination therapy, review the current clinical evidence for combination therapy regimens (both symptomatic and disease-modifying) in the treatment of AD, describe innovative clinical trial study designs that may be effective in testing combination therapy, and discuss the regulatory and drug development landscape for combination therapy. Successful combination therapies in other complex disorders, such as human immunodeficiency virus, may provide useful examples of a potential path forward for AD treatment.
INTRODUCTION
Alzheimer's disease (AD) is a complex progressive neurodegenerative disorder and the leading cause of dementia [1, 2] . It is estimated that close to 50 million people worldwide are affected by dementia, including AD, and the prevalence of the disease is projected to more than double by 2050 [3] .
Risk factors for AD include age, family history, apolipoprotein E ⑀4 genotype, diabetes, hypertension, obesity, hypercholesterolemia, traumatic brain injury, and low education level [1, 2, 4] . Mutations in 780
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microtubules; when hyperphosphorylated, tau accumulates into "tangles" composed of paired helical filaments [7] . The amyloid cascade hypothesis of AD posits that accumulation of Aβ dysregulates synaptic and neuronal function, creating the intracellular conditions for formation of neurofibrillary tangles, leading to neuronal loss and further compromise of neurotransmitter function [6] . Loss of cholinergic neurons in the basal forebrain (and consequent loss of signaling) is hypothesized to create a cholinergic deficit contributing to short-term memory loss in AD [8] . These complex pathologies may occur sequentially but many are present simultaneously in the brain of the person with AD [6] .
MANAGEMENT OF ALZHEIMER'S DISEASE
Despite the growing population of patients with AD, only five treatment options are currently approved to treat the cognitive symptoms of AD in the United States, the most recent of which (memantine) was approved more than a decade ago [10] . Four of the five standard-of-care treatments are also licensed in the European Union; these include three cholinesterase inhibitors (donepezil, galantamine, and rivastigmine) and one N-methyl-D-aspartate receptor antagonist (memantine; Fig. 1 ) [11] [12] [13] [14] [15] . In 2014, a fifth treatment option consisting of a fixed-dose combination with donepezil and memantine was approved for the treatment of patients with moderate to severe AD dementia who are on stable donepezil therapy [16] . Most therapeutic agents under development over the past 15 years have failed; AD is among the least well-served therapeutic areas for drug treatments. Nearly all trials conducted to date have been monotherapy trials comparing an active agent with placebo with or without a background standard-of-care agent, such as cholinesterase inhibitors or memantine.
There is an increasing appreciation of the complexity of AD, the diversity of pathology, and the dynamic interactive network of components that make up the disease [17] . Recognition of this complexity suggests that addressing more than one target in the form of combination therapy may be needed for successful AD treatment [18, 19] . Combination therapies have succeeded in other diseases, such as cancer and human immunodeficiency virus-1 (HIV) and may prove to be more effective than targeting one mechanism at a time [20] . Here, we explore the current state of and future possibilities for pharmacodynamic combination therapy for the treatment of AD.
TYPES OF COMBINATION THERAPIES
Combination trials are distinct from add-on trials; the latter are the type typically used for new therapies in AD whereas, in combination therapy trials, two drugs are tested alone, in combination, and in comparison with placebo, usually in a 2×2 trial design. With add-on therapy, a new agent is compared with placebo in patients who are already receiving treatment with a background therapy. Most trials for new therapeutic agents in AD are conducted in patients already receiving cholinesterase inhibitors, memantine, or both and are thus new types of add-on treatment. The benefit of combination trials versus add-on trials is that the combination design allows investigators to analyze the effects of each therapy alone and in concert with others, distinguishing the individual and synergistic effects of the trial therapies.
Treatment combinations can be characterized as pharmacodynamic or pharmacokinetic. Pharmacodynamic combinations are designed to exert multiple effects on disease biology; pharmacokinetic combinations affect a drug's absorption, distribution, metabolism, or elimination [21] . Examples of pharmacokinetic combinations include levodopa plus a dopamine decarboxylase inhibitor for treatment of Parkinson's disease [22] and dextromethorphan plus quinidine for treatment of pseudobulbar affect [23] . Pharmacokinetic combinations are not considered further in this review.
Pharmacodynamic combinations for treatment of AD can include symptomatic agents that address the behavioral and cognitive symptoms of AD without changing the underlying disease biology or disease-modifying therapies (DMTs) that change disease course by addressing the underlying biology that leads to nerve cell death [24] . Pharmacodynamic combinations allow the combination of ≥2 symptomatic agents, ≥2 DMTs, or complex combinations of symptomatic therapies and DMTs to treat AD. Current clinical add-on trials generally use standard-of-care agents (cholinesterase inhibitors or memantine) and a new DMT or symptomatic agent; additive effects of the multiple simultaneous therapies may be important for patient outcomes.
Combination therapy can be used flexibly in addressing the drug target, delivery method, or delivery timing. For example, within AD DMT Fig. 1 . Combination therapies in the AD drug development pipeline. 5-HT, 5-hydroxytryptamine (serotonin); Aβ, amyloid-β; AChE1, acetylcholinesterase inhibitor; AD, Alzheimer's disease; BACE, aspartyl protease β-site amyloid precursor protein cleaving enzyme; GM-CSF, granulocyte-macrophage colony-stimulating factor; MAO, monoamine oxidase; NMDA, N-methyl-D-aspartate; PPAR, peroxisomeproliferator activated receptor; RAGE, receptor for advanced glycation end-products; rTMS, repetitive transcranial magnetic stimulation. development programs, therapeutic agents could target amyloid, tau, or other disease processes, such as inflammation. The benefit of this type of combination therapy is that it can address ≥2 of these targets (e.g., amyloid-and tau-targeting therapies) or address a single target in two ways (e.g., two amyloidtargeting therapies). Combination therapies can also be designed to use >1 delivery method (e.g., oral and intravenous). Sequential combinations address targets consecutively (e.g., remove amyloid plaque with monoclonal antibody and then follow with a BACE 1 inhibitor to prevent plaque reaccumulation) [25] . Sequential combinations will likely evolve in concert with increased understanding of AD etiology and reflect the complexity of the biology of AD [26] .
Another form of combination therapy is the use of multifunctional molecules-single agents that combine >1 activity or >1 target. An example of this is rasagiline, a monoamine oxidase (MAO) B inhibitor used to treat Parkinson's disease, which, in addition to MAO B inhibition, has neuroprotective effects and effects on amyloid processing [27, 28] .
COMBINATION THERAPIES FOR ALZHEIMER'S DISEASE
Several DMTs are currently in clinical studies as add-on therapies to the standard of care, cholinesterase inhibitors or memantine (Table 1) . Because these studies allow the DMTs to be added to a background standard-of-care therapy, the analyses will assist in understanding the differences between combination therapy with background therapy compared to background therapy without the experimental agent.
Phase III add-on treatments involving disease-modifying therapies
As of April 2018, nine DMTs are the subject of ongoing or recently completed phase III trials as an add-on to standard-of-care agents (Table 1) . One approach taken by several of these putative therapies is to inhibit BACE 1 [9] .
A placebo-controlled phase III trial of one BACE 1 inhibitor, verubecestat (MK-8931), in patients with prodromal AD was recently terminated after an initial safety analysis failed to establish a positive risk/benefit ratio [29] . Verubecestat had demonstrated promising findings in a phase I trial by reducing Aβ 40 and Aβ 42 in the cerebrospinal fluid of healthy subjects and patients with mild to moderate AD [30] . Verubecestat was also investigated in patients with mild to moderate AD, but the development program was terminated because of a lack of positive effect in an interim analysis of the trial (NCT01739348) [31, 32] . This lack of efficacy supports the theory that use of a BACE 1 inhibitor in patients who have accumulated enough Aβ deposition to have dementia is unlikely to have clinical benefit. BACE 1 inhibitors might work in monotherapy in primary prevention or early secondary prevention when Aβ accumulation is incomplete provided that they prove to be safe.
Another method for targeting the amyloid cascade is the use of humanized or fully human monoclonal antibodies (mAbs) that bind and mount an immunologic response against the Aβ peptide, leading to increased amyloid clearance [33] . Based on promising results in phase I/II trials [34] [35] [36] , three Aβ mAbs (aducanumab, gantenerumab, and crenezumab) are being investigated in placebo-controlled phase III trials as add-on therapy in patients with early (i.e., prodromal) or mild AD. These trials are estimated to be completed between 2019 and 2022.
Several completed Aβ mAb passive immunization studies have not been successful; placebo-controlled phase III trials with solanezumab and bapineuzumab, both of which demonstrated promise in early studies, failed to show clinical benefit as add-on therapy to standard-of-care agents and resulted in termination of their development programs [37] [38] [39] . Solanezumab is currently being investigated in a phase III trial in parallel with gantenerumab in the Dominantly Inherited Alzheimer Network Trials Unit (DIAN-TU) trial [40] ( Table 1 ). The DIAN-TU had also been investigating the BACE 1 inhibitor JNJ-54861911; however, this agent was recently removed from the study due to incidences of high elevations of liver enzymes [41] .
The second major pathologic hallmark of AD is the formation of intracellular neurofibrillary tangles composed of hyperphosphorylated tau. Tau pathology is characterized primarily by abnormal phosphorylation and other modifications that alter tau structure and lead to formation of tau protein aggregates, associated with neurofibrillary degeneration and dementia [7] . Tau aggregation inhibitors (TAIs) have the potential to prevent or reverse tau aggregation and consequently reduce tau pathology and associated behavioral deficits in patients with AD [42, 43] .
A second-generation TAI, TRx0237 (a methylthioninium chloride commonly known as methylene blue), was evaluated in two phase III trials and an ongoing phase III open-label extension study in patients with AD. Patients were either untreated or treated with stable doses of standard-of-care agents. The first study compared TRx0237 (150 or 250 mg/d) with control (placebo plus TRx0237 4 mg twice daily) in 891 patients with mild to moderate AD (Mini-Mental State Examination [MMSE] score of [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . This trial failed to show treatment benefit in the co-primary endpoints (Alzheimer's Disease Assessment Scale-Cognitive subscale [ADASCog] and Alzheimer's Disease Cooperative StudyActivities of Daily Living) compared with control. Post-hoc analyses suggested that patients not on background therapy tended to have better outcomes [44] . This analysis in favor of monotherapy outcomes requires confirmation in prospective studies.
Although these trials examining the potential efficacy of BACE 1 inhibition, Aβ immunization, and TAI as add-on treatment to standard-of-care agents may provide important clinical data on how to best treat AD, the recent failure of many anti-AD agents to meet primary study endpoints suggests the need for a change in strategy. The complexity and extended Table 1 Add timeline of AD pathology may require the combination of different treatment targets to demonstrate clinical efficacy [20] . The high rate of inflammatory changes in AD suggests that co-administration of anti-inflammatory and amyloid-or tau-directed treatments warrants assessment. Masitinib, a selective tyrosine kinase inhibitor, antagonizes mast cell function and indirectly controls proinflammatory mediators, thus potentially targeting the neuroinflammatory pathways believed to play a role in the pathogenesis of AD [45, 46] . Masitinib was investigated as an add-on therapy in a placebo-controlled phase II trial in patients with AD (n=34) receiving stable doses of cholinesterase inhibitors or memantine. Compared with the placebo group, patients receiving masitinib showed significant improvements in the ADAS-Cog and MMSE at weeks 12 and 24. Masitinib was subsequently investigated in a placebo-controlled phase III trial in patients with mild to moderate AD, in which an interim analysis of the trial was anticipated in 2017 [44] . The status of this trial is currently unknown.
Phase III combination treatments involving disease-modifying therapies
There are two DMTs currently in phase III trials that address two targets and represent valid combination therapies: ALZT-OPT1 and Gamunex (immune globulin intravenous (human), 10%; Grifols Therapeutics, Clayton, NC, USA). The ALZT-OPT1 trial, a combination regimen with cromolyn (antiamyloid agent) and ibuprofen (anti-inflammatory agent), is enrolling patients with early AD who are either receiving or not receiving standard-of-care agents (Table 1) . Cromolyn is a treatment for asthma approved by the US Food and Drug Administration (FDA) that bears structural similarity to other anti-amyloid agents and is likely to cross the bloodbrain barrier. Cromolyn reduced Aβ fibrilization and oligomerization in vitro and reduced Aβ 40 and Aβ 42 monomer concentrations in mouse brain; oligomerization and fibrilization were unchanged in vivo [47] . ALZT-OPT1 is a true combination trial in that the combination targets multiple disease pathways (amyloid and inflammation) and includes multiple methods of administration (intranasal inhaler for cromolyn and oral tablet for ibuprofen). ALZT-OPT1 is also an add-on study because it allows patients to continue standard-of-care treatments on stable doses. The study is anticipated to be completed in November 2019.
A phase III combination trial under way for Gamunex uses plasma exchange to deliver human albumin in combination with intravenous immunoglobulin. This combination trial targets amyloid in two ways. Aβ can cross the blood-brain barrier and bind to albumin, effectively sequestering Aβ in the periphery. The hypothesis behind plasma exchange with albumin replacement is that removing and replacing the albumin bound to pathogenic elements will allow further transfer of Aβ out of the central nervous system. Albumin also has antioxidant effects that may contribute therapeutic benefit [48] . Combining plasma exchange with infusion of intravenous immunoglobulin (which also binds amyloid) may further increase amyloid clearance from the brain [49] . This study, which enrolled patients receiving stable doses of standard-of-care agents and was scheduled to be completed in December 2017, has not yet reported results.
The receptor for advanced glycation end-products (RAGE), which is expressed by various brain cells and binds and transports Aβ from blood to brain, is thought to play multiple roles in the pathogenesis of AD and has emerged as a potential target for the treatment of the disease [50] . Agents that block Aβ-RAGE interaction may have numerous therapeutic actions including reducing neuroinflammation, improving cognitive decline, and reducing brain Aβ levels. Because RAGE inhibitors act to reduce both inflammation and the concentration of Aβ in the brain, they are considered multifunctional molecules, a combination not of >1 drug but of >1 mechanism of action. However, a phase III clinical trial for the RAGE inhibitor, azeliragon (also known as PF-04494700 and TTP488), did not meet either coprimary efficacy endpoint (improvement in cognitive or functional outcomes) and was terminated [51] .
Phase III add-on treatments involving symptomatic agents
Several symptomatic treatments in current or recently completed phase III trials as add-ons to standard-of-care therapies were designed to ameliorate neuropsychiatric symptoms (agitation, aggression, depression, and anxiety) or to enhance the effects of cholinesterase inhibitors by modulating serotonin (Table 1) . Most patients with AD develop neuropsychiatric symptoms, but no drug is currently approved by the FDA to treat these symptoms in patients with AD. Symptomatic therapies, such as antidepressants (e.g., citalopram, fluoxetine, sertraline), and second-generation antipsychotics (e.g., risperidone, olanzapine, quetiapine, aripiprazole) are often used off-label to treat behavioral symptoms, although there is mixed evidence on their efficacy in AD [52, 53] . A meta-analysis of 16 placebo-controlled trials indicated that risperidone and olanzapine reduced aggression; however, both drugs were associated with serious adverse events and extrapyramidal symptoms [54] as well as cerebrovascular adverse events, confusion, and sedation [55] [56] [57] [58] . In addition, increased mortality has been reported in patients receiving versus not receiving second-generation antipsychotics, with mortality rates approximately two-fold higher in those treated with antipsychotic agents [59] .
One second-generation antipsychotic, brexpiprazole, a dopamine D 2 receptor partial agonist approved for the treatment of schizophrenia and as add-on therapy to major depressive disorder, is currently being investigated in phase III trials for the treatment of agitation in patients with AD. Two of the phase III trials, in patients with mild to severe AD [60] , recently completed. Topline results from these studies showed mixed improvement of agitation symptoms, with one study meeting the primary endpoint (change from baseline in Cohen-Mansfield Agitation Inventory [CMAI]) but not the secondary endpoint (change from baseline Clinical Global Impression-Severity of Illness [CGI-S]) and the second study meeting the secondary (CGI-S) but not the primary endpoint (CMAI) [61] . A third study is expected to be initiated in 2018 [62] . Cholinesterase inhibitors and memantine have both been shown to have psychotropic effects; the add-on design of these trials may be relevant to efficacy [63, 64] .
Serotonin (5-hydroxytryptamine ) receptor antagonists amplify the cholinergic signal associated with cholinesterase inhibitors and may potentially optimize the treatment of cognitive symptoms in patients with AD [65] . They represent pharmacodynamic combinations with two agents acting on the same mechanism. The selective 5-HT 6 antagonist idalopirdine (Lu AE58054) was investigated as an add-on therapy to donepezil in a placebo-controlled phase II trial of patients with AD [66] . Patients receiving combination therapy with idalopirdine and donepezil had significantly improved ADAS-Cog scores compared with patients receiving placebo at week 24. However, idalopirdine as an add-on to donezepil or cholinesterase inhibitors did not meet primary endpoints in any of the three large, long-term, phase III trials in patients with mild to moderate AD [67] . The 5-HT 6 antagonist, intepirdine (SB-742457, RVT-101), showed improvements in ADAS-Cog and the Alzheimer's Disease Cooperative Study Group-Activities of Daily Living scale after 24 weeks of treatment in a donepezil-and placebocontrolled phase II trial in patients with AD not previously receiving treatment with cholinesterase inhibitors or memantine, although this study did not meet co-primary endpoints [68] . Recently, both a phase II gait-and-balance trial and a 24-week phase III trial (add-on to donepezil therapy) in patients with mild to moderate AD failed to meet primary endpoints [69, 70] .
Phase II add-on and combination treatments
As of January 2018, 21 DMTs and 7 symptomatic therapies are currently in phase II clinical trials, many of which are trials of add-on therapies with standardof-care treatment. The mechanisms of action for the agents in these add-on studies include amyloid immunization, tau immunization, glucagon-like peptide-1 receptor agonists, and serotonin receptor agonists. Several of the studies use novel approaches, such as combining a device (i.e., deep brain stimulation, repetitive transcranial magnetic stimulation) with standard-of-care treatment and combining lifestyle changes (i.e., yoga) with dietary supplements (i.e., curcumin; Table 1) .
A phase II trial from Eli Lilly will examine the safety and efficacy of amyloid passive immunization (LY3002813) alone and in combination with a BACE 1 inhibitor (LY3202626). Both drugs have undergone clinical trials as monotherapy, several of which are still under way. However, this combination trial will test for a synergistic effect between the two drugs with three treatment arms: intravenous amyloid immunization (LY3002813) plus oral placebo, intravenous amyloid immunization plus BACE 1 inhibitor (LY3202626), and intravenous placebo plus oral placebo. The rationale for this approach is that mounting an immune response to Aβ already in the system and slowing further production of Aβ by inhibiting BACE 1 will have a greater effect on the amyloid cascade than targeting either mechanism alone. Patients enrolled in this trial may also continue standard-of-care treatments. The trial is expected to be completed in late 2020.
Rasagiline, a selective MAO inhibitor [71] , is also in a phase II trial in patients with mild to moderate AD. Rasagiline has been shown to have neuroprotective, antiapoptotic action dependent on Bcl-2, protein kinase C, and the proteasome-ubiquitin complex [72] . Importantly, the S-isomer of rasagiline (TVP1002) is 1000 times less potent than an MAO inhibitor and exhibits comparable, neuroprotective activity. In preclinical experiments, rasagiline's propargylamine moiety protects mitochondrial viability by activating Bcl-2 and protein kinase C and downregulates proapoptotic proteins [72] . Importantly, from an AD therapeutic perspective, compounds containing propargylamine, such as rasagiline, modulate proteolytic cleavage of the AβPP, decreasing Aβ production by activation of the nonamyloidogenic alpha-secretase pathway. This effect involves activation of mitogen-activated protein kinase and protein kinase C [28] . This phase II proof-of-concept (PoC) trial will have results in late 2018. Rasagiline is an example of combination treatment in a single multifunctional agent.
Phase I combination treatments
Four DMTs are currently in phase I trials as add-on therapy to standard-of-care treatment (Table 1 ). An Aβ-targeting active immunization agent, ABvac40, a passive Aβ immunization agent, LY3002813, and 1 tau active immunization agent, ACI-35, are being investigated in patients with early to moderate AD. Similarly, a tau-targeting agent, TPI-287, is currently being investigated in patients with mild to moderate AD who are either receiving or not receiving standard-of-care therapy. The study completed in November 2017, and initial exploratory analyses suggest a potential MMSE benefit compared with placebo; this may have been because of a larger than expected decline in MMSE score in the placebo group [73] .
CLINICAL TRIAL DESIGNS
The challenges in AD therapy development and numerous clinical trial failures suggest that new innovative study designs may be needed [10, 74] . In placebo-controlled factorial 2×2 trials, patients are randomized to A plus placebo, B plus placebo, A plus B, or placebo plus placebo [75] . This type of study design enables simultaneous investigation of a combination regimen with two drugs and an analysis of the separate effects of each drug in a well-controlled manner. A modification of this study design is used in the current add-on studies that randomize patients receiving or not receiving standard-of-care agents to placebo or active treatment.
Another trial type is a 3-arm study in which patients are randomized to treatment A, B, or a combination of A and B. Superior efficacy of AB over A suggests that B is active in the combination, and superior efficacy of AB over B indicates that A is contributing to the treatment effect. One advantage of this trial design is that no patients are left untreated. Another advantage is that this type of trial is generally smaller with an easier recruitment process, making it a good choice for an early-stage PoC study. However, because this design makes it more difficult to differentiate the effects of A from those of B and the effects of A or B from a placebo, it is less appropriate for later-stage drug development.
The Investigation of Serial Studies to Predict Your Therapeutic Response With Imaging and Molecular Analysis (I-SPY) model used in breast cancer clinical trials offers an adaptive trial design that could also be used in AD [76] . I-SPY combines two types of trial designs: an "umbrella" trial in which many therapeutic agents are tested in parallel (with treatment groups sharing a protocol and a placebo group) and a "basket" trial in which patients are grouped by genotype or other disease features. The I-SPY trials are designed to use Bayesian modeling to predict whether each agent is likely to meet primary endpoints. The advantages of this type of trial design for AD include the ability to compare effects on biomarkers between therapeutic agents, adaptive dose adjustment for patients, a shared placebo group and trial infrastructure (reducing clinical trial costs), and the opportunity to continuously compare and potentially combine treatment groups. The European Prevention of Alzheimer's Disease (EPAD) and the DIAN-TU study have trial protocols similar to that of the I-SPY approach [40, 77] .
However, AD biology and pathogenesis remain less well known than those of breast cancer, and tissue samples are not readily available to assess treatment effects. Additionally, subgroupings or genotypes of patients with AD may not correlate with similarities in how patients respond to treatment, making the creation and analysis of treatment "baskets" more complex. Finally, the sensitivity of efficacy endpoints is not established and there is no firm consensus on intermediate endpoints that could predict AD treatment efficacy and support accelerated approval.
Several adaptive trials are under way for AD. DIAN-TU is an international trial designed to evaluate DMTs for autosomal dominant AD [78] . The trial began enrolling patients in 2012 to test the two anti-Aβ antibodies solanezumab and gantenerumab. The BACE inhibitor JNJ-54861911 was also being investigated but was removed from the trial as previously mentioned [41] (Table 1 ). The goal of this trial is not only to test specific agents but also to provide a framework for testing the latest therapies, potentially combining them, and to provide a repository of data and biological samples for future research. Adaptive endpoints include effects on cognitive and clinical measures, potentially implementing innovative disease progression models, a dose escalation algorithm, novel imaging techniques, and an adaptive efficacy assessment that considers early disease biomarkers and later disease cognitive analyses [40] .
The EPAD project focuses on prodromal AD, aiming to develop treatments to prevent disease progression and dementia [77] . EPAD comprises the EPAD Longitudinal Cohort Study (EPAD-LCS) and the EPAD-PoC. EPAD-LCS enrolls patients older than 50 years who have participated in other research studies or who have been referred by a clinician and includes annual brain scans and biomarker draws over 44 months [79] . This patient pool will provide information about probability of AD-related decline and serve as a large recruitment pool for the second arm of the study, EPAD-PoC. EPAD-PoC will examine new AD interventions and will draw from the EPAD-LCS patient pool, using inclusion and exclusion criteria based on risk of decline, cognitive test scores, biomarker values, and genetic information collected as part of the EPAD-LCS protocol. These EPAD-PoC trials will identify the patient populations and subpopulations most likely to respond to a particular agent and therefore the ideal patients to recruit for later-stage clinical trials. EPAD-PoC will also use an adaptive Bayesian design to predict success or futility of individual drugs and adaptively randomize patients to the most successful drugs [80] .
The adaptive trial designs of both EPAD and DIAN-TU will aid in developing multiple drugs by allowing more direct comparison of drug effects and a more efficient, cost-effective trial framework than traditional, stand-alone clinical trials. The longitudinal and disease progression model aspects of these studies provide the possibility of testing the efficacy of particular drugs or drug combinations at specific stages of disease progression [80] .
REGULATORY GUIDANCE
Both the FDA and European Medicines Agency have released guidances for industry, highlighting the nonclinical and clinical data needed for combination therapy development [28, 40, 74] . In general, combination trials need to justify the pharmacologic and medical rationale for the combination therapy, as well as demonstrate efficacy and a positive riskbenefit profile. In patients inadequately controlled with a monotherapy (i.e., an add-on scenario), a randomized controlled superiority trial should be done to demonstrate greater efficacy with the combination therapy compared with the respective monotherapies using a 3-arm A versus B versus AB trial design [81] . When co-developing two novel drugs, the FDA recommends a 4-arm A versus B versus AB versus placebo (or approved standard-of-care agent) design in phase II trials and a 2-arm AB versus placebo (or standard-of-care agent) design in phase III trials [82] .
There is increasing recognition of the need for timely development of combination therapies and the corresponding need for combination-specific regulation. In particular, the 21st Century Cures Act supports efficient combination therapy development by promoting clear communication regarding market expectations, coordination between research centers, and compliance with good manufacturing processes [83] .
The FDA promotes combination drug development only for "serious diseases," defined as "a disease or condition associated with morbidity that has substantial impact on day-to-day functioning" [82] and has issued specific guidance on combination drug development for cancer, tuberculosis, and HIV infection [84] [85] [86] . From a regulatory standpoint, the demonstrated success and continued potential benefit of combination treatment in all of these disorders have paved the way for efficient development of effective combination therapy for AD [83] .
DRUG DEVELOPMENT
There is no established framework for drug development of combination therapies. Agents might usefully target the same pathway and amplify the effect or target complementary aspects of the disease capitalizing on synergies of effects. Component elements of combination therapies would reasonably be tested in animal model systems to ensure their effects and the combination would be tested to explore additive and synergistic effects (Fig. 2) . Failure at the animal model level would represent one part of a decision not to advance a compound further. Assessment of combinations in animals would also allow discovery of potentially important drug-drug interactions or toxicity resulting from the combination. Data will also be needed from phase I first-in-human trials on drug-drug interactions, safety, and tolerability in humans. Phase II learning trials would generate target engagement and dose information on each element and the combination. Phase II allows exploration of dose and dose-response; it is possible that lower doses of individual agents may be used in combination regimens where synergies apply. This outcome might help limit the potential toxicity associated with combinations. If successful in phase II, confirmatory phase III studies would be conducted. Planning combination strategies from the beginning has the advantage of having the candidate agents at the same level of investigation when combinations become appropriate. Combinations of novel agents and betterunderstood repurposed agents are another means of populating a pipeline of combination treatments. Targets that might be addressed in combination therapy regimens include Aβ, tau, inflammation, and neuroprotection.
CONCLUSIONS
Given the complexity of AD, treatment of patients remains challenging. The currently approved treatments for AD are limited to cholinesterase inhibitors and memantine or the combination of these agents. Furthermore, despite the early promise of several new drugs, many have failed larger phase III trials, not meeting efficacy endpoints. The high failure rate of the therapies in development for AD stems in large part from the complex pathologic causes of the disease, as well as our incomplete understanding of the relationships among the numerous pathways involved in development of AD and subsequent neurodegeneration, and the potential lack of efficacy of available agents. Although combining cholinesterase inhibitors and memantine has had limited success in the treatment of AD, it is nonetheless likely that targeting multiple pathways may be required for successful treatment. Consequently, additional trials investigating logical combinations of agents should continue to be performed.
Several ongoing clinical trials are investigating DMTs or symptomatic agents as add-ons to background standard-of-care therapy. However, a combination of ≥2 agents that target separate pathways presents an opportunity for treating the disease that may offer synergistic effects, and there are very few of these in trials. Combining therapeutic agents may allow for lower doses of the individual agents, reducing costs and side effects. Innovative and adaptive clinical trial designs may also capture the potential evolution of therapeutic combinations over the long and complex course of disease progression, with one set of agents appropriate for preclinical AD, another for early-stage AD, and yet another for AD dementia. Taken together, the challenges of treating AD have steered the current treatment landscape toward investigating new drugs as an add-on to standard-of-care and repurposing existing drugs indicated for other therapeutic conditions, and also toward combining two agents that target different pathways in parallel, following the example of successful treatment combinations for other serious diseases and conditions, such as cancer and HIV [20] .
